Abstract-Several wireless charging methods are under development or available as an aftermarket option in the lightduty automotive market. However, there are not a sufficient number of studies detailing the vehicle integration methods, particularly a complete vehicle integration with higher power levels. This paper presents the design, development, implementation, and vehicle integration of wireless power transfer (WPT)-based electric vehicle (EV) charging systems for various test vehicles. Before having the standards effective, it is expected that WPT technology first will be integrated as an aftermarket retrofitting approach. Inclusion of this technology on production vehicles is contingent upon the release of the international standards. The power stages of the system are introduced with the design specifications and control systems including the active front-end rectifier with power factor correction, high frequency power inverter, high frequency isolation transformer, coupling coils, vehicle side full-bridge rectifier and filter, and the vehicle battery. The operating principles of the control, and communications, systems are presented. Aftermarket conversion approaches including the WPT on-board charger (OBC) integration, WPT CHAdeMO integration, and WPT direct battery connection scenarios are described. The experiments are carried out using the integrated vehicles and the results obtained to demonstrate the system performance including the stage-by-stage efficiencies.
I. INTRODUCTION
The wireless charging of plug-in electric vehicles (PEV), has received significant attention due to the inherent benefits such as safety, convenience, flexibility, and high efficiency [1] . Wireless power transfer can displace today's plug-in chargers due to the convenience since there are no cables to trip over, no heavy duty plugs or connectors to handle, no concerns about inadvertent disconnection, no fear of forgetting to plug-in and the technology does not get affected from the weather conditions. Although the system principles sound very simple and rely on the well-known Amperè's and Faraday's Laws [2] , the vehicular integration, control systems, and the communications systems are essential challenges need to be addressed.
Starting from the AC grid to the vehicle battery terminals, the system converters must be well designed and operated in order to achieve high efficiency [3] - [5] . In addition, power flow control to the pick-up system should be resolved where the control parameters (DC link voltage, frequency, duty cycle, phase-shift, etc.) should be actively controlled for the improved efficiency while meeting the vehicle side target voltage, current, and/or power. Simultaneously, vehicle side DC link or battery voltage, current, temperature, and the state-of-charge (SOC) should be carefully monitored and fed-back to the primary side for controls. Moreover, the battery management system (BMS) or other vehicle side converters (on-board chargers or dc/dc converters) should be monitored for safety. Typically, there are 4 or 5 power conversion stages in a grid connected system as shown in Fig. 1 . Most of these power conversion stages are detailed in previous studies. A high efficiency SiC controlled rectifier is detailed in [6] whereas [1] and [7] introduce the effect of inverter control parameters. A high frequency isolation transformer is introduced in [4] and [5] . For the vehicle side regulation, a boost type dc/dc converter is presented in [8] for decoupling the vehicle side load dynamics with an LCL pickup topology while [9] operates the cascaded boost and buck converters on the vehicle side for the same purpose.
These options are applicable when there is direct access to the vehicle battery and the battery management system (BMS). In most cases, automotive OEMs work with tier suppliers and other vendors for manufacturing and integration of the battery packs, BMSs, and the OBCs. Due to the agreements with vehicle OEMs and other suppliers, access to the battery, battery pack contactors (charge and discharge enable relays), BMS, and the battery information on the CAN link may be restricted. In this case, automotive manufacturer requires the WPT system developer to integrate the wireless charging system to the onboard charger and/or use an already existing charging protocol once the power is wirelessly delivered to the vehicle. These may include using the SAE J1772 and CHAdeMO charging protocols in order to comply with the OEM requirements. Although there are a few vehicle integrated system examples [10] , it is obvious that there is limited literature work focusing This manuscript has been authored by Oak Ridge National Laboratory, operated by UT-Battelle, LLC, under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan). on the vehicular integration and operation of wireless power transfer systems. This paper aims to address the vehicular integration of wireless charging systems on test vehicles including a Toyota RAV4 EV with direct battery connection, a Scion IQ with CHAdeMO DC fast charging protocol [11] , [12] , a Toyota Prius Plug-in with J1772 protocol [13] with an OBC requiring 50/60Hz 208-240V AC on the vehicle, and a Chevy Volt with J1772 protocol with an OBC requiring either DC or AC input on the vehicle with specific input voltage ranges.
II. SYSTEM DESCRIPTION ON POWER STAGES AND COMPONENTS
As illustrated in the overall system block diagram shown in Fig. 1 , the power conversion stages can be detailed as follows: An active front-end rectifier with power factor correction is used as an interface between the AC grid and the DC input to the high-frequency inverter. While maintaining high power quality on the grid side (i.e., high power factor and low harmonic distortions), this unit provides regulated DC link voltage to the inverter input. Based on the control strategy, the DC link voltage can be controlled to regulate the vehicle side voltage or current and/or power as the inverter input voltage is directly related to the bulk power transfer in addition to reducing the inverter input voltage ripple can be reduced. High frequency inverter generates high-frequency output current that is necessary for effective magnetic field generation. A stepdown type isolation transformer is used in order to provide galvanic isolation and safety on the primary side while improving the inverter efficiency with higher voltage input. For the same amount of power, higher voltage and lower current on the inverter reduces conduction losses and improves efficiency. High frequency current on primary coupler generates magnetic field that is applied to the secondary coil. Magnetic field on this receive coil induces voltage on the receiver side. This high frequency voltage on the secondary is rectified and filtered and applied to the vehicle battery or a secondary regulator such as a dc/dc converter or on-board charger for charging the vehicle battery. For Toyota Prius Plug-in, the vehicle side DC link voltage is inverted back to 50-60Hz AC voltage in order to operate and charge the battery through the OBC since this particular vehicle OBC requires an input voltage with this frequency. Detailed information on the design and function of all of these subsystems are described in [14] while the coil fabrication process is detailed in [15] while the operation of the active-front end rectifier with power factor correction is given in [6] .
III. VEHCIULAR INTEGRATION OF WIRELESS CHARGING SYSTEMS
In wireless power transfer system integrations, it is not always possible to have direct access to the vehicle battery due to the vehicle OEM requirements, agreements between the OEM and battery manufacturers, and also due to the OEM safety regulations. Therefore, in several vehicle integration cases, an existing charging protocol should be used, which is usually required by OEMs. In this study, hardware and software developments are developed and the system is designed to be interoperable with five different vehicles with different charging protocols, target voltages, currents, power levels, ramp rates, and response times. A single grid-side unit hardware is built to be interoperable with software changes for each different vehicle. The vehicle specific integration details are summarized below. These vehicle integration specifications are summarized in Table I .
1) Toyota RAV4 EV:
This vehicle is equipped with 392.5 V (maximum), 11 kWh battery pack for WPT integration. Power rating is limited by the 70 A maximum current of vehicle battery pack. Direct battery connection is used. Results detail the 6.6 kW and 14 kW operation.
2) Scion iQ EV: Nominal battery voltage of this vehicle is 277 Vdc. This vehicle requires integration through CHAdeMO charging protocol with a predefined response time, current ramp rate, maximum current ripple, and the reference battery current that should be tracked. For instance, once the charge request is received, the WPT system should respond in 1 second with a >10 A/s ramp rate. Power transfer depends on the reference current speficied in the vehicle charging request. Typically, 20-25A reference current is used for 6-7kW of power transfer.
3) Toyota Prius Plug-in: This vehicle requires integration through the vehicle side on-board charger (OBC). The Prius Plug-in OBC only works with regulated 208-240 Vrms AC voltage input with 50-60 Hz frequency. Although the OBC has a front-end rectifier, it does not accept a DC voltage input as well as any frequency other than 50/60 Hz.. The nominal power rating of the Prius Plug-in OBC is 2.1 kW with a maximum of 2.5 kW.
4) Chevy Volt:
This vehicle also requires WPT integration through the OBC integration that can be operated either with DC (185-310 Vdc) or AC (208-240V ac ) input. The nominal power rating is 3.3 kW.
The grid side unit, integration with J1772 protocol and the integration with CHAdeMO and direct battery connection schemes are detailed as follows.
A. Grid-side Unit (Ground Assembly)
The function of the primary system is to take the AC power from a 208/220/240V AC supply and generate high frequency current to the primary coil for electromagnetic field generation. During this operation, the active rectifier with power factor correction gets the AC voltage from the grid, rectifies it while boosting and provides a regulated voltage to the inverter input. Inverter uses the input voltage provided by PFC and generates high frequency AC voltage to the primary coil. Evatran controller handles the alignment of the secondary coil to the primary coil and communicates to the vehicle side through the radios and commands to the slave digital signal processor (DSP) unit. The operation and normal or emergency shut down commands, reference secondary power or voltage commands are all communicated to the DSP through the Evatran control module. This operation is illustrated in Fig. 2 . 
B. Integration with the Direct Battery Connection or
CHAdeMO Charging Systems In direct battery connected WPT outfitting applications, the operation is fairly simpler due to the flexibility in response and ramp times (no restriction on response time and ramp rate). Additionally, controlling the battery current is reduces the additional control loops for the voltage on the vehicle side since constant voltage charging is not usually practiced since maximum battery state-of-charge (SOC) is usually limited to 90% or even less. In direct battery connected systems, a series diode after the rectifier can be added in order to block the reverse current; with that, rectifier filter capacitor can also be decoupled from the battery and pre-charge circuit requirement for that capacitor can be eliminated since the primary side can be ramped up to slowly recharge that capacitor. As soon as the rectifier output voltage exceeds the battery voltage, the series diode turns on and charging starts. In direct battery connected systems, communication with the BMS system is required since BMS system is the only gateway to enable the chargeenable relays (also the discharge-enable relays). On the other hand, systems integrated with CHAdeMO protocols are more challenging because a pair of additional relays should be added in order to comply with the response time requirement. Furthermore, CHAdeMO system requires a voltage that is higher than the battery voltage applied to the input of the CHAdeMO connectors; therefore, a minimum load resistor should be added to build-up the required voltage before closing the contactors to the CHAdeMO input. Without the minimum load resistor, the after rectifier voltage is very sensitive to the changes from the primary side and it is extremely difficult to control the voltage due to the communication latencies.
C. Integration with the J2954 Protocol with
Vehicle-side OBC For the Prius Plug-in hybrid electric vehicle, vehicle OBC had to be utilized as an interface between the vehicle side WPT equipment output and the vehicle battery pack. One advantage of such an approach is that it eliminates the BMS commands between the WPT system and the battery since the OBC takes over that role. While WPT control system provides a regulated voltage at the OBC input, OBC is responsible for the entire charging profile. On the other hand, this approach adds additional power conversion stages which reduce the overall efficiency (WPT overall efficiency in addition to the OBC efficiency). In this approach, a minimum load resistor should be utilized through a contactor as an over-voltage protection unit. If for any reason the OBC turns off or disconnects the battery from the WPT system, vehicle side WPT system becomes a no-load rectifier while still receiving input. Therefore, a minimum load resistor is used to eliminate the over-voltage issues before the primary side can be turned off safely. This minimum load resistor with a contactor can be accompanied by an additional contactor to short-circuit the secondary coil, after the minimum load resistor is engaged, in order to protect the entire system before the primary side can be turned off. While the Chevy Volt OBC can operate with either DC or AC input, Toyota Prius Plug-in requires a 50/60Hz AC at the input of the OBC. Due to this requirement, a secondary inverter is connected at the output of the vehicle side rectifier in order to generate AC voltage for the OBC. This inverter should have wide input range and regulated output voltage so that it can typically act as a grid. In this mode of operation for the Prius, the control system utilizes a voltage regulation feedback control loop. The reference DC link voltage at the vehicle side is communicated to the DSP controller wirelessly and DSP controller regulates the PFC output voltage at the grid side to accommodate this need. The block diagram of this operation is featured in Fig. 4 . 
D. Control System and Charging Process
In most cases, Li-ion battery operating (SOC) window is limited by the battery and vehicle manufacturers in order to prolong the battery lifetime. Typically, minimum allowable SOC can be within the range of 10-30% and maximum allowable SOC is between 80-90%. Within this SOC window, batteries are charged in constant current mode because constant voltage mode is typically used to complete the charging process when SOC reaches ~90%. Most of the available charging systems, particularly DC fast chargers or CHAdeMO chargers, use constant current charging and they charge batteries up to 80% of the total capacity. For direct battery connected WPT systems or integrations through CHAdeMO charging protocol; therefore, a constant current should to be used by regulating the front-end rectifier's output voltage while keeping the inverter input voltage within the limits. The block diagram for the charging controller is provided in Fig. 5 . As shown in Fig. 5 , vehicle side battery current is measured and wirelessly transmitted to the primary side for feedback. Vehicle side measurements also include battery voltage, temperature, and battery SOC for protection and ensuring these quantities are within the limits. The difference between the actual and reference battery current is fed to a proportional-integral (PI) regulator that determines the DC link voltage that results in reference current delivery. That inverter input voltage is limited to 450V because of the 600V maximum voltage on inverter devices. Based on the actual and reference DC link voltage, AC grid current is determined and limited between 0 and 40Arms from the grid side. In order to regulate the grid current, AC grid voltage is measured and normalized. This waveform, which is a unity sinewave with a phase angle that is equal to that of the grid voltage, is used to derive the AC line current based on the AC line current magnitude. Finally, a switch selector applies the switching signal to the respective device based on the polarity of the AC line voltage. 
IV. HARDWARE DEVELOPMENT AND TEST SETUP
For all of the test vehicles, an identical grid side unit is developed that encloses the active front-end rectifier (PFC stage), high frequency inverter, and the high frequency isolation transformer. For the front-end rectifier, high efficiency silicon-carbide BSM120D12P2C005 phase-leg modules (1200V / 100A) are used. Other circuit parameters and operational characteristics of the grid interface converter are given in [6] . For the high-frequency inverter, Powerex PM600DV1A060 Intellimod phase-leg modules are used to form a voltage-fed full-bridge inverter as detailed in earlier studies of [7] and [15] . In addition to the voltage control provided by the PFC, frequency of the inverter's output is controlled to maximize the efficiency. Also, inverter switches can be controlled with phase-shift control scheme in order to regulate the power flow and for ramping up the system at the initial start-up or in beaconing mode during alignment. The transformer parameters and design details are also covered in [14] . Power stage converters are shown in Fig. 6 . A set of example pictures demonstrating vehicle tests are shown in Fig. 7 . 
V. RESULTS AND DISCUSSIONS
The WPT integrated vehicles are tested as shown in Fig. 7 . For all these vehicles, vehicle side receive coil is 1 inch smaller on all sides and has about 1 inch lower profile (thickness). This is the condition where the primary and secondary coils are unmatched, but interoperable. Smaller coil on the vehicle side is to reduce the weight and size on the vehicle. However, with a smaller coil on the vehicle side, not all the magnetic field generated by the primary can be captured by the secondary coil. Therefore the coupling factor, mutual inductance, and the coil-to-coil efficiency are relatively smaller than that of the matched coils. These two conditions of coupling coils are given in Fig. 8 (a) and (b) . Toyota RAV4 vehicle is tested for both matched and interoperable coupling coil conditions as detailed in the following subsection. The system parameters and the component values are given in Table I . A. Toyota RAV4 Wireless Power Transfer For the given physical conditions and parameters in Table  I , the reference battery charging current is set to 18A that would correspond to 6.6kW charge power. In order to meet this charge request, the controller on the primary side draws about ~35.5 A rms current from the grid. The DC link voltage to the high-frequency inverter is then 331 V dc . The lowfrequency and dc waveforms of the system are given in Fig. 9 that shows the waveforms for the AC input voltage, AC input current, DC link voltage, DC link current, battery voltage, and battery current. The reference and actual AC line current and DC link voltage are provided in Fig. 10 . The high-frequency waveforms of the system are given in Fig. 11 that shows the inverter output voltage and current (transformer input), transformer output voltage and current (primary coupler), and the secondary coupler voltage and current. The stage-by-stage power flow and efficiencies are given in Fig. 12 . In order to observe the system performance with matched coils, identical set of coils are used as shown in Fig. 8 (b) . With the matched coils, both the inverter output and the primary coil currents were reduced, resulting in less copper losses in the system. Additionally, coil-to-coil efficiency is improved from 96.93% to 98.09%. The power flow across the stages and efficiencies are shown in Fig. 13 . Since the system power is primarily limited by the current rating of the front-end rectifier's input inductor and power modules, in the following RAV4 tests, the front-end rectifier is disconnected from the inverter's input and the inverter is driven with a DC power supply with adjustable voltage. With that modification, the system is tested up to 14 kW charge power at high efficiencies. At 14 kW wireless charging test, the input voltage to the inverter was 438.58 V dc . The power analyzer's screenshot for this test case is given in Fig. 14 . In this figure, Element 1 is the inverter input, Element 2 is the inverter output, Element 3 is the transformer output, Element 5 is the secondary coupler (rectifier input), and Element 6 is rectifier output to the battery. With the matched coils and excluding the front-end power factor correction stage, the dc-to-dc efficiency is 95.16% from inverter input to the vehicle battery terminals, including 4 power conversion stages. At this power, inverter efficiency is 98.18%, transformer efficiency is 99.67%, coil-to-coil efficiency is 97.11%, and the vehicle side rectifier efficiency is 99.42%. Operational waveforms for 14kW tests are given in Fig. 15 where quadrants shows the input DC voltage and current (inverter input), inverter output voltage and current (transformer input), transformer output voltage and current (primary coil), secondary coil voltage and current (rectifier
, and the vehicle side rectifier output voltage and current (vehicle battery), respectively, from top to bottom. 
B. Scion IQ Wireless Power Transfer
When an existing charging protocol has to be used, a "ready" signal is sent to the vehicle wirelessly to the vehicle CAN link and in turns, a charging request is submitted by the vehicle once the vehicle is in a good alignment. With the CHAdeMO charging protocol, the major challenge is to respond to the charging request within 1 second, providing the voltage immediately (by building up the voltage on minimum load resistor and closing the contactor once the voltage is ready), and to reach to the reference battery current with a >10 A/s ramp rate. The other requirement is that the current ripple should be less than 6 Amps peak-to-peak which is relatively easy to accomplish since vehicle side rectifies a high-frequency AC voltage and an output filter inductor is used. In Fig. 16 , a charge request signal is illustrated that is received after the alignment was complete and there is voltage at the output of the vehicle side rectifier. Once the charge request is received, the primary side ramps up the system and builds up voltage on the minimum load resistor. Once the voltage reaches to that of the battery voltage, CHAdeMO relays are closed and voltage is applied to the battery within 1 second. Once the voltage is applied, then the system switched to battery reference current tracking mode and operates to deliver 25A to the battery with less than 6A peak-to-peak current ripple with an initial ramp rate of at least 10A/s. Figure  16 shows the voltage built up across the minimum load resistor, the switching transient from minimum load to the battery and the control mode transition, as well as the battery reference current with the ripple.
C. Prius Plug-in Wireless Power Transfer
The low-frequency results of the Prius operation is given in Fig. 17 where the quadrants show the grid, inverter input, vehicle side dc link, and vehicle side inverter output voltage and current waveforms, respectively. As mentioned earlier, Toyota Prius Plug-in requires an additional 50/60Hz inverter on the vehicle side in order to be able to operate the OBC. Therefore, a wide input range inverter is added on the vehicle side that regulates the output voltage for the input of the OBC. The reference DC link voltage is controlled to 350Vdc on the vehicle side so that the inverter modulation index could be varied in order to get 220Vac regulated output voltage. On the primary side, DC link voltage is controlled to 320V since the power demand of the Prius Plug-in OBC is limited to 2.5kW maximum. This selection also adds some boost function to the front-end rectifier since front-end rectifier has to be in boost mode in order to correct the input power factor. In Fig. 17 , the high frequency noise at the vehicle side inverter output voltage is due to the high-frequency inverter PWM switching can be reduced with a larger input filter to the OBC. This noise is also in part due to the OBC's front-end converter. The high frequency voltage and current variations in Prius Plug-in charging are shown in Fig. 18 . In this figure, inverter output voltage and current (transformer input), primary coil voltage and current (transformer output), and the secondary coil voltage and current (vehicle side inverter input) are shown, respectively. Since the Prius Plug-in OBC is rated for 2.5kW maximum and this power level is considerable lower than the Scion iQ and RAV4 charging levels, DC link voltage at the primary side is reduced. In addition, the inverter effective duty cycle is also reduced as observed in the inverter output voltage waveform in Fig. 18 . For the Chevy Volt, the operation is very similar to that of the Prius Plug-in with the exception of the vehicle side 50/60 Hz inverter. In this case, the vehicle side after-rectifier voltage can directly be applied to the vehicle OBC as long as this voltage is regulated within the previously mentioned limits. 
VI. CONCLUSIONS
This study introduces a wireless power transfer system integrated into multiple test vehicles with different characteristics on energy storage systems requiring integration through different charging protocols or allowing direct battery connection as in the case of Toyota RAV4 EV. The operational integration architectures are discussed and requirements and characteristics are reviewed. Hardware systems are described and example results are presented to demonstrate the operation of the wireless charging system integrated in these vehicles.
Test vehicles requiring additional power conversion stages on the vehicle side typically have relatively lower efficiencies due to the additional stages. For these vehicles, WPT system efficiency should be identified from grid to the vehicle highvoltage bus (DC link). Since it has the most flexibility and integration convenience, RAV4 vehicle was tested up to 14kW at 162mm magnetic airgap with 95.16% dc-to-dc efficiency while every power conversion stage is at least 98% efficient.
